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Morphometric study of glomerular slit diaphragms fixed by rapid-
freezing and freeze-substitution. The widths of slit diaphragms in rat
glomeruli were quantitatively measured on electron micrographs ob-
tained by the rapid-freezing and freeze-substitution (FS) fixation
method and compared to those prepared by conventional chemical
fixation procedures, such as tannic acid, glutaraldehyde and osmium
tetroxide (TGO) or glutaraldehyde and osmium tetroxide (GO) fixation.
When fixed by FS using 2% osmium tetroxide, glomerular slit dia-
phragms had widths of 33.8 3.6 nm, but when fixed by TOO or GO
they had widths of 47,0 4.3 and 48.7 5.5 nm, respectively. The
width of slit diaphragms was significantly narrower after cryofixation
than after conventional TOO or GO fixation (P < 0.001). Similarly, the
distance between neighboring foot processes at 50 nm from slit dia-
phragms was significantly narrower after cryofixation (P < 0.001). The
widths were 98.6 17.1 nm after TOO fixation, 122.0 29.3 nm after
GO fixation and only 54.8 18.7 nm after FS fixation. These foot
processes were significantly broader after FS fixation. The foot pro-
cesses were 179.2 59.4 nm in breadth after TGO fixation (P < 0.001),
188.8 78.2 nm after GO fixation (P <0.01) and 235.1 87.2 nm after
FS fixation. These results suggest that the cytoplasm of foot processes
shrinks when the tissue is prepared by conventional chemical fixation
methods, and that the broadening of slit diaphragms is an artifact
separation of the margins of adjacent foot processes due to shrinkage.
We propose that TOO fixation alters the structure of slit diaphragms by
causing them to shrink.
Glomerular slit diaphragms are known to consist of zipper-
like substructures in normal rat kidneys which were fixed with
a solution of tannic acid, glutaraldehyde and osmium tetroxide
(TGO) [1]. We reported previously that by the quick-freezing
and deep-etching (QF-DE) method, slit diaphragms in unfixed
rat glomeruli are originally sheet-like [2, 31. In contrast, the slit
diaphragms in TOO-fixed glomeruli seem zipper-like and tend
to be wider than those in unfixed glomeruli. However, it is
difficult to measure the widths of slit diaphragms when ob-
served in three dimensions by the QF-DE method. Recently,
the rapid-freezing and freeze-substitution (FS) fixation method
has been utilized to study biological specimens by electron
microscopy [4, 5]. The images obtained by FS fixation represent
more closely the in vivo structures than do those of specimens
prepared by conventional fixation with TGO or with glutaral-
Received for publication March 14, 1991
and in revised form May 28, 1991
Accepted for publication May 28, 1991
© 1991 by the International Society of Nephrology
dehyde and osmium tetroxide (GO). The purpose of the present
study was to clarify whether the width of FS-fixed rat glomer-
ular slit diaphragm is narrower than that fixed by conventional
means.
Methods
Three normal male Wistar rats weighing 120 to 150 g were
used for this study. Under pentobarbital anesthesia, small
pieces of renal cortices were excised from with razor blades.
Rapid-freezing and freeze-substitution fixation
The fresh tissues were placed immediately on a copper disk
and frozen rapidly in an isopentane-propane mixture (around
— 193°C) cooled in liquid nitrogen [6]. Some.rapid-frozen tissues
were freeze-substituted in acetone containing 2% osmium
tetroxide. To compare the fixative effects, other frozen samples
were freeze-substituted in only acetone or in acetone containing
0.1% osmium tetroxide. The freeze-substitution was performed
by placing the samples in each concentration of osmium tetrox-
ide in acetone kept at —80°C for 20 hours [4, 7]. The samples
were then warmed first to —20°C for two hours, then to 4°C for
two hours, and finally to room temperature. They were washed
twice in absolute acetone and embedded in Luveak-812. Ul-
trathin sections were cut with a diamond knife, stained with
uranyl acetate and lead citrate, and examined in a Hitachi HS-9
electron microscope.
Conventional chemical fixation
Other renal cortex specimens were fixed by conventional
chemical fixation procedures. For TGO fixation, the specimens
were perfused with 1% tannic acid and 1% glutaraldehyde in 0.1
M phosphate buffer, pH 7,2, for 15 minutes at a hydrostatic
pressure of 150 cm H2O from the abdominal aorta. Then, the
cortex specimens were cut into small pieces and postfixed with
1% osmium tetroxide in 0.1 M phosphate buffer, pH 7.2, for one
hour at 4°C. For GO fixation, the specimens were prefixed in
2.5% glutaraldehyde for two hours and postfixed in 1% osmium
tetroxide in 0.1 M phosphate buffer, pH 7.2, for one hour at 4°C.
They were dehydrated in ethanol and embedded in Luveak-8l2.
Ultrathin sections were cut, stained and studied as were the
ultrathin sections of FS-fixed tissues.
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Endothelium
Fig. 1. Schematic representation of the glomerular capillary wall. (A)
Widths of slit diaphragms; (B) distances between the neighboring foot
processes at 50 nm from the slit diaphragm; (C) widths of foot processes
at the level of slit diaphragms; (D) widths of foot processes at 50 nm
from the slit diaphragm. GBM: glomerular basement membrane.
Morphometry
Morphometric analysis of the electron micrographs was
performed on a Logitec digitizer model K-Sb (Kanto-Denshi
K.K., Tokyo, Japan) interfaced with a desktop computer,
FM16 (FUJITSU K.K., Tokyo, Japan). The widths of epithelial
slits and foot processes were measured in the micrographs at a
magnification of 166,000. The morphometry of FS-fixed tissue
(2% osmium tetroxide in acetone) was analyzed from micro-
graphs of glomeruli in well-frozen portions of tissue. At fifty
locations in the cross sections from 4 to 5 gbomeruli for each
fixation, the distances between the neighboring foot processes
and the widths of foot processes in the level of the slit
diaphragms and at 50 nm from the slit diaphragms were mea-
sured as described in Figure 1: (A) distances between the
neighboring foot processes (widths of slit diaphragms) at the
level of the slit diaphragms; (B) distances between neighboring
foot processes at 50 nm from the slit diaphragms; (C) widths of
foot processes at the level of the slit diaphragms; (D) widths of
foot processes at 50 nm from the slit diaphragms. However, no
measurement was made when a slit diaphragm was not visible
or the plasma membrane had no clear trilaminar structure. Data
are expressed as the mean standard deviation (SD). Statistical
significance was performed by one way and multivariate anal-
ysis of variance. Statistical significance was set as P < 0.05.
Results
The ultrastructures of glomeruli were well preserved when
fixed by FS using 0.1% or 2% osmium tetroxide in acetone but
were poorly preserved in absolute acetone. In all samples fixed
by FS the preservation of tissue was acceptable only within 10
m of the frozen surface. The cell surfaces of foot processes
and endothelial cells had smooth contours after FS fixation
(Fig. 2 A and B) but had irregular contours after TOO or GO
fixation (Fig. 2 C and D). The epithelial slits were narrow after
FS fixation (Fig. 2 A and B) but were wide after TGO and GO
fixations (Fig. 2 C and D).
The results of the morphometry are shown in Table 1. After
FS-fixation with 2% osmium tetroxide, glomerular slit dia-
phragms had a mean width of 33.8 3.6 nm, while after TOO
and GO fixations they had widths of 47.0 4.3 and 48.7 5.5
nm, respectively. The width of slit diaphragms was significantly
narrower after cryofixation than after conventional TGO or GO
fixation (P <0.001). Similarly the space between neighboring
foot processes at 50 nm from the slit diaphragms was signifi-
cantly narrower with cryofixation (P < 0.001); 98.6 17.1 nm
with TGO fixation and 122.0 29.3 nm with GO fixation versus
54.8 18.7 nm with FS fixation. Moreover, the distance
between the neighboring foot processes at the same distance
from the slit diaphragms was significantly greater with GO
fixation than with TGO fixation (P < 0.001).
Foot processes adjacent to slit diaphragm appeared to be
broader with cryofixation than with TGO or GO fixation but this
difference was not significant. Foot processes that are 50 nm
from slit diaphragms were significantly broader with FS fixa-
tion; 179.2 59.4 nm with TOO fixation (P < 0.001) and 188.8
78.2 nm with GO fixation (P < 0.01) versus 235.1 87.2 nm
with FS fixation.
Discussion
This study revealed that rat glomerular slit diaphragms fixed
by FS with 2% osmium tetroxide had widths of 33.8 3.6 nm
which was significantly narrower than that seen after conven-
tional chemical fixation. At 50 nm from slit diaphragms the
epithelial slits were narrower and foot processes were broader
after cryofixation than after conventional chemical fixation.
These results suggest that the cytoplasm of foot processes
shrinks during tissue fixation by conventional methods. There-
fore, the broadening of slit diaphragms is an artifact of pulling
adjacent foot processes apart by foot process shrinkage. Similar
findings had been reported by Latta [8] and Karnovsky and
Ainsworth [9]. No difference in the width of foot processes
adjacent to slit diaphragms was seen between FS-fixed tissues
and TOO- or GO-fixed tissues. The width of the slit diaphragm,
however, differed significantly between FS-fixed and TOO- or
GO-fixed tissues. This discrepancy in foot process width can be
explained as follows. Primary, secondary and tertiary processes
could give rise to foot processes, whose widths were different
[10]. It was difficult to distinguish the same level among them in
cross sections of capillary loops. Also, the degree of foot
process shrinkage may vary, as depending on distance from a
slit diaphragm.
The shrinkage of tissues during the glutaraldehyde fixation
was described by Sabatini, Bensch and Barrnett [11] and
Hopwood [12]. It is conceivable that this shrinkage is primarily
an osmotic phenomenon. In both TGO and GO fixation tissues
are exposed to high osmolarity fixation. It is also possible that
the foot processes shrink after chemical fixation. In contrast,
fixation by rapid-freezing and freeze-substitution caused less
shrinkage of tissues because the vitreous ice crystals became
dissolved in organic solvents below their freezing point [4]. The
osmolarity of the fixative consisting of 1% tannic acid and 1%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, is lower than
that of the fixative containing 2.5% glutaraldehyde in the same
buffer solution. This also supports the osmotic explanation of
why foot processes shrunk less in TGO fixative than in GO
fixative.
Rodewald and Karnovsky demonstrated that the slit dia-
phragm is a continuous junctional band, 39.4 2.9 nm wide
after TGO fixation, and has a zipper-like substructure [1].
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Fig. 2. Electron micrographs of parts of glomerular capillary loops. Rapid-freezing and freeze-substitution fixation with 0.1% osmium tetroxide
in acetone (A) and 2% osmium tetroxide in acetone (B). The surfaces of foot process cell (F) membranes are smooth. Conventional chemical
fixation with 1% tannic acid, 1% glutaraldehyde and 1% osmium tetroxide (c), and with 2.5% glutaraldehyde and 1% osmium tetroxide (d). The
cell membranes of foot processes (F) are irregular. BM: basement membrane, E: endothelial cell.
Table 1. Widths of slit diaphragms and foot processes
FS fixation TGO GO
2.0% OsO4 fixation fixation(N = 50) (N = 50) (N = 50)
A 33.8 36a,b 47.0 4.3 48.7 5.5
B 54.8 187a,b 98.6 17.1 122.0 29.3a
C 253.7 89.5 228.4 61.0 246.8 86.9
D 235.1 87.2a.C 179.2 59.4 188.8 78.2
A. Widths of slit diaphragms. B. Distances between the neighboring
foot processes at 50 nm from the slit diaphragms. C and D. Widths of
foot processes at the level of slit diaphragms (C) and at 50 nm from the
slit diaphragms (D). Values are expressed as the mean SD (nm).
aP < 0.001 when compared to TGO fixation
b p < 0.001 or P < 0.01 when compared to GO fixation
However, we doubt that this is an accurate description of the
width and substructure of slit diaphragms. It is probable that the
slit diaphragm between neighboring foot processes functions as
a cell junction apparatus [131. Since the TGO fixative has a high
osmolarity, the slit diaphragm would likely be pulled by the
shrinkage of foot processes. We suggested that the width of slit
diaphragms is narrower after FS fixation. After TGO fixation by
the method used in the present study the width of slit dia-
phragms was not the same as that reported by Rodewald and
Karnovsky. This discrepancy may be attributed in part to the
differences in ages and strains of the rats.
We have already reported that as determined by the QF-DE
method, the slit diaphragm is a sheet-like substructure and that
slit diaphragms seem to have a zipper-like substructure only
when prefixed by TGO fixative [2, 3]. Therefore, we propose
that the well-known zipper-like substructure of slit diaphragms
seen in TGO-fixed glomeruli is an artifact of the fixation
procedure caused by osmotic shrinkage during the fixation of
glomeruli.
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